Nucleoid-associated proteins (NAPs) are DNA-binding proteins critical for the organization and function of the bacterial chromosome. A subclass of NAPs, including Caulobacter crescentus GapR and Escherichia coli H-NS, preferentially bind AT-rich regions of the nucleoid, but phylogenetic groups that encode GapR rarely encode H-NS. Here, utilizing genetic, biochemical, and biophysical studies of GapR in light of a recent DNA-bound crystal structure of GapR (Guo et al, 2018) , we show that although evolutionarily distant, GapR and H-NS possess two regions that are structurally and functionally conserved. These regions are involved in self-association and DNA-binding, even though the two proteins oligomerize and regulate transcription differently. Functional analysis of GapR and H-NS protein chimeras identified structural elements present in H-NS but absent in GapR that rationalize differences in transcriptional regulation. In addition, we identified a sequence element unique to GapR that enables assembly into its tetrameric state. Using fluid-atomic force microscopy, we showed that GapR is capable of bridging DNA molecules in vitro. Together, these results demonstrate that two distantly related NAPs utilize evolutionarily conserved structural elements to serve specialized cellular roles via distinct mechanisms. nucleoid structuring protein H-NS is remarkable due to its ability to silence AT-rich sequences (3-7).
INTRODUCTION
Bacterial cells compact and organize their genetic material in a hierarchically ordered and dynamic structure called the nucleoid (1) . This complex organization of DNA is achieved in part by the action of an array of nucleoid-associated proteins (NAPs) that affect multiple cellular processes including replication, transcription, and recombination (2) . Except for an intrinsic high-affinity for DNA, NAPs are notably diverse with respect to their structures, the mechanisms by which they recognize DNA, and the extent to which they affect DNA-related processes (2) . The histone-like Mutant strains were isolated by analyzing colonies with respect to the restriction profile of PCRamplified gapR followed by sequencing of the entire region using oligonucleotides annealing outside the region cloned into pNPNTS138.
Phase contrast microscopy C. crescentus cells grown to exponential phase (0.3 < OD600 nm < 0.5) were diluted to OD600 nm = 0.1, and 1 µL was spotted on agarose pads containing M2G minimal medium. Cells were imaged by phase contrast microscopy using an inverted microscope (DMi800, Leica) equipped with a 100 x (1.4 N.A.) oil objective.
RNA extraction and quantitative RT-PCR
E. coli cultures diluted to OD600 nm = 0.1 were grown for 24 h, and cells were harvested (16,000
x g for 1 min). Cell pellets were suspended in 1 mL Trizol Reagent (Thermo Fisher Scientific), and total RNA was extracted according to manufacturer's instructions. Samples were treated with DNAse I (Thermo Fisher Scientific) and their integrity was checked by agarose gel electrophoresis. 2.5 µg of DNA-free RNA samples were used as template for cDNA synthesis in the presence of 0.2 µg random hexamer primer, 1 mM dNTP mix and 200 U RevertAid Reverse Transcriptase (Thermo Fisher Scientific). Real-time PCR was performed using 0.4 µM of each gene-specific oligonucleotide and 1 X Fast SYBR Green Master Mix (Applied Biosystems). Fluorescence was monitored by the 7500 Fast Real-Time PCR System (Applied Biosystems). Oligonucleotide sequences were designed with the Primer3 software version 0.4.0 (20) and are available on request. The 2 -ΔΔCT method (21, 22) was utilized to calculate relative expression of genes, normalized to the rpoD gene (23) .
Protein expression and purification
GapR was expressed in E coli BL21(DE3) strain by growing cells for 3 h at 30°C in the presence of 0.5 mM isopropylthiogalatoside (IPTG). Cells were harvested, washed twice in buffer A (20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol), snap frozen in liquid nitrogen and stored at -80°C. For protein purification, cell pellets were thawed and resuspended in buffer A supplemented with 25 mM imidazole, 1 mg/mL lysozyme and EDTA-free protease inhibitor cocktail (Santa Cruz Biotechnology). After 1 h treatment at 4°C, cells were further disrupted by sonication.
Lysates were cleared by two rounds of centrifugation at 21,000 x g, and cleared lysates were incubated with Nickel-nitrilotriacetic acid (Ni-NTA) agarose (ThermoFisher Scientific) pre-equilibrated with the same buffer used for cell lysis. The agarose beads were collected and washed three times with buffer A supplemented with increasing concentration of imidazole (25, 50, 100, 200 and 500 mM). Different GapR proteins were eluted using distinct concentrations of imidazole. Proteins were concentrated using Amicon ultra centrifugal filter MWCO 3kDa (Millipore), dialyzed against buffer B (20 mM HEPES-NaOH pH 7.5, 1 M NaCl, 1 mM EDTA, 10% glycerol) and run in the size exclusion chromatography column Superdex 200 10/300 GL (GE Healthcare Life Sciences) to separate most of the co-purified DNA. After purification, the proteins were concentrated, evaluated by SDS-PAGE, snap frozen in liquid nitrogen and stored at -80°C. The proteins were thawed and used directly or dialyzed to buffer A prior to the usage. Protein quantification was carried out using Bradford reagent (BioRad). Both analytical and preparative chromatography analyses were performed using the NGC chromatography system (Bio-Rad).
For SAXS analysis, fresh proteins purified by affinity and size-exclusion chromatography as described above were further purified by cation exchange chromatography using the HiTrap SP HP column (GE Healthcare Life Sciences). For cation exchange chromatography, the proteins were dialyzed against buffer C (20 mM HEPES-NaOH pH 7.5, 50 mM NaCl, 10% glycerol), and elution was carried out using 50% buffer D (20 mM HEPES-NaOH pH 7.5, 1 mM NaCl, 10% glycerol). The proteins were then dialyzed against buffer A, quantified and used directly for SAXS measurements.
Microscale thermophoresis analysis
For the thermophoresis assays, a fluorescently-labeled double strand DNA was PCR-amplified or obtained by hybridization. In each case, an oligonucleotide covalently bound at its 5' end to the ATTO-488 fluorophore was used. The hybridization was carried out by heating the oligonucleotides at 95°C for 3 min followed by incubation at 55°C for 3 min. 0.1 µM labeled DNA was mixed with protein in 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol, 0.05 % Tween-20, and the resulting mixture was serially diluted (1:1 dilution) in the same buffer supplemented with fluorescently-labeled DNA. After 30 min incubation at room temperature, samples were analyzed in the Monolith NT.115 instrument (Nano Temper Technologies). The fluorescence was monitored for 5 s before heating, for 30 s under constant heating (LED Power 80% and MST Power 40) and for 5 s after deactivating the infrared laser. A 25 s delay was allowed between successive measurements. Data analysis was carried out using the software MO Affinity Analysis version 2.2.4 (Nano Temper Technologies).
Electrophoretic mobility shift assay and native PAGE
The electrophoretic mobility of proteins under native conditions and the electrophoretic mobility shift of DNA upon incubation with proteins were determined using gel electrophoresis on 4-15% polyacrylamide gels (BioRad). Protein samples and loading buffer (20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 30% glycerol, 0.05% bromophenol blue) were mixed at a ratio of 1:1 (v/v) and run at 4°C in 1 X Tris-glycine buffer (25 mM Tris-Cl pH 8.3, 192 mM glycine). For electrophoretic mobility shift assays, PCR-amplified DNA was incubated with protein for 30 min at room temperature in 20 mM HEPES-NaOH pH 7.5, 10% glycerol supplemented with 150 or 500 mM NaCl and then subjected to electrophoresis as described above.
Protein crosslinking
Crosslinking reactions were performed by incubating proteins with 400 mM 1-ethyl-3-(-3dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 100 mM Nhydroxysulfosuccinimide (NHS) for 2 h in 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol. Crosslinking reactions were stopped by adding 150 mM β-mercaptoethanol, 0.1% SDS and heating at 95°C for 5 min. Samples were then mixed with SDS loading buffer, boiled for 5 min and resolved on 4-15% polyacrylamide gels (BioRad) under denaturing condition (25 mM Tris-Cl pH 8.3, 192 mM glycine, 0.1% SDS).
Small angle X-ray scattering measurement
Small angle X-ray scattering (SAXS) experiments were performed at the bio-SAXS beamline BL4-2 at the Stanford Synchrotron Radiation Light source. Data were collected using a Pilatus3 X 1M detector (Dectris AG) with a 3.5 m sample-to-detector distance and beam energy of 11 keV (wavelength, λ = 1.127 Å). SAXS data were measured in the range of 0.0033 Å −1 ≤ q ≤ 0.27 Å −1 (q = 4πsin(θ)/λ, with 2θ being the scattering angle). The q scale was calibrated with silver behenate powder.
The GapR samples were injected directly into a temperature-controlled flow cell. The SAXS data were taken in a series of 12, 1 s exposures. These images were then analyzed for possible effects of radiation damage, normalized according to the transmitted intensity, and averaged using the program SasTool (http://ssrl.slac.stanford.edu/∼saxs/analysis/sastool.htm).
Circular dichroism spectroscopy
Circular dichroism (CD) measurements were performed using a J-815 Circular Dichroism Spectrometer (Jasco). Far-UV spectra (200-250 nm) were recorded in a 1 mm path-length cell with an exposure time of 1 s/nm. The sample cell was maintained at 15°C and three scans were collected and averaged for each sample. A buffer spectrum was subtracted from all sample spectra before plotting.
Atomic force microscopy
DNA molecules used for AFM experiments were composed of the pilA promoter (316 bp) and its downstream region (704 bp) and were obtained by amplification using PCR reactions. DNA was incubated alone or in the presence of GapR (wild-type and a mutant protein) for 16 h at 4°C and then imaged on BioScope Resolve Bio AFM (Bruker). The long incubation time was used to assure that the binding reaction reached the equilibrium. The microscope itself was placed in an isolation box to minimize drift, temperature fluctuations and vibrations. Rapid force-distance (PeakForce Tapping mode) imaging modality was used to obtain images. We used a high-resolution AFM probe (PeakForce HIRS-F-B, spring constant k = 0.12 N/m) for imaging. After deploying the probe on the AFM head, a laser alignment was performed followed by a thermal tuning calibration of the probe in MilliQ water. For high resolution AFM of DNA and DNA-GapR complexes, we used freshly cleaved mica as a substrate. Mica was cleaved by removing five to six layers using scotch tape. To minimize sample drift, we affixed cleaved mica on steel specimen discs (Ted Pella, Inc) using optical glue (NOA68, Norland optical adhesives). The optical glue also created a hydrophobic barrier around the mica, thus creating a sample well that minimized sample overflow and evaporation. The sample chamber was then mounted on the microscope using magnetic mounts. Wet wipes were kept around the chamber and AFM head to further minimize evaporation. 100 µL of imaging buffer containing 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol, 10 mM NiCl2 was added to the sample chamber. Next, 20 µL of sample (DNA or DNA + GapR) was added to the imaging chamber. After addition of the sample, we pipetted 20 µL of the imaging solution up and down five times to ensure uniform mixing. This procedure led to a very reproducible sample density across different fields of view. After mixing the sample, the aligned AFM head was carefully placed on the microscope and the cantilever was moved down until it was submerged in the sample. At this stage another round of laser guided calibration and thermal tune calibration was performed. Finally, the AFM cantilever was engaged with the sample and we waited for 5-20 min before changing any parameters to equilibrate the system and improve stability. We scanned a 1 µm by 1 µm region to obtain multiple DNA molecules in one field of view. Nanoscope software was used for data acquisition. Typically, we acquired [15] [16] [17] [18] [19] [20] images with the high-resolution tip before observing a deterioration in the data quality. Due to this limitation, we used a new tip for each sample, keeping all the scanning parameters the same. For analyzing AFM data, we developed a workflow that comprised of a first round of image processing (image flattening using a 0 th , 1 st and 2 nd order polynomial applied to each scan line) followed by particle segmentation using sample heights as a cut-off. The cut-off was selected such that we were able to threshold > 90% of DNA molecules in the image. Image processing and segmentation were performed in Bruker NanoScope Analysis software v 9.0. Post-segmentation, we obtained heights of DNA (or DNA + GapR) segments and exported them into text files that were processed using bespoke programs written in Matlab (MathWorks).
RESULTS

GapR and H-NS proteins share regions that are structurally and functionally similar
Both GapR (14-16) and H-NS (3) (4) (5) (6) (7) are NAPs that preferentially bind to AT-rich regions of the chromosome. Comparison of the GapR and H-NS primary structures revealed two regions of the GapR sequence that display clear similarity to H-NS ( Fig. 1A ): 1) The N-terminal region of GapR (residues 2-49) displays 27% identity and 61% similarity to residues 4-52 of H-NS. In each case, a coiled-coil motif lies within these N-terminal regions (Fig.1A) . These sequences adopt a dimeric, antiparallel coiled-coil structure referred to as dimerization site 1 in H-NS (15, (24) (25) (26) and Helix 1 in GapR (15,24-26) ( Fig. 1A) .
2) The segment of GapR that encompasses Helix 2 of the protein (residues 50-70) (15) shares 29% identity and 67% similarity with a part of the DNA-binding domain of H-NS (residues 111-129) (27) (Fig. 1A) . Moreover, this comparison also revealed two main differences between GapR To determine the degree of functional similarity between GapR and H-NS, we constructed chimeras and compared them with the wild-type H-NS and GapR proteins with respect to their ability to repress gene expression in a Dh-ns E. coli background. We measured mRNA levels of a subset of H-NS-repressed genes and tested the capability of cells to utilize the b-glucoside salicin, which depends on the expression of the bgl operon (29) . Expression of H-NS, but not GapR, was found to reduce transcript levels of all H-NS-dependent genes analyzed and prevent salicin utilization ( Repression of the bgl operon has been shown to occur in E coli strains carrying only an H-NS truncated protein in which the entire DNA-binding domain is absent (30) . We confirmed this finding by monitoring salicin utilization and the transcript levels of the bgl operon in a strain carrying an H-NS protein containing only the oligomerization domain ( Fig. 1B, construct 7) . Although bglG and csgD 
N-terminus of GapR drives self-association
Both GapR and H-NS share a coiled-coil motif at their N-termini ( Fig. 1A) . To determine if the N-terminus of GapR drives self-association, as does the corresponding region of H-NS (24-26), we used a bacterial two-hybrid assay and found that both a truncated WT protein comprising only Helix 1 (GapR1-52) and a full length WT protein (GapR1-89) interact with full-length GapR ( Fig. 2A) . Provided that GapR self-associates in a coiled-coil structure, oligomerization would be prevented by mutations replacing residues at positions "a" or "d" of the heptad repeats of the GapR coiled-coil motif. To test this hypothesis, the coding sequence corresponding to GapR1-52 was randomly mutagenized by errorprone PCR, and the amplicons were used to construct a library into the bacterial two-hybrid system.
We identified three mutant gapR1-52 alleles (M1-M3) defective in oligomerization (Fig 2A) . M1, M2 and M3 code for proteins replacing a residue at the position "a" or "d". Curiously, when we carried out the bacterial two-hybrid assay with full length GapR protein containing the M1 and M3 alleles, we observed no defect in oligomerization ( Fig. 2A ). This result suggests that the presence of the DNA binding domain on the M1 and M3 GapR proteins stabilizes the association between the mutant and wild-type protein. The M2 allele, with the Q19R,L30P amino acid substitutions, in contrast, affected GapR self-association even when the C-terminus was present ( Fig. 2A) , indicating a more drastic consequence for the protein structure compared with the mutations found in the other alleles.
GapR contains two non-contiguous dimerization sites that drive the assembly of a tetrameric structure
Affinity-purified full-length WT GapR1-89 was analyzed by size-exclusion chromatography.
The protein eluted at the void volume of the Superdex 200 size exclusion column under low salt conditions ( Fig. 2B ), indicating soluble particles with a mass above 600 kDa. Upon treating the protein with a combination of high salt and EDTA, we observed a larger right-hand shoulder of the void peak corresponding to native DNA from the expression host and an additional elution peak far later than the void volume corresponding to GapR1-89 ( Fig. 2B ). These data suggest that GapR1-89 remains as nucleoprotein complexes throughout purification but dissociates into smaller soluble units when treated with high salt and EDTA. Because the smaller units of GapR1-89 that are separated from copurified DNA in the presence of high salt and EDTA are no longer found in the void volume after decreasing salt and removing EDTA ( Fig. 2B ), we reasoned that DNA may act as a platform for the formation of higher order structures. Using a combination of size-exclusion chromatography and crosslinking experiments, both performed under high salt and EDTA conditions to prevent association of GapR with any contaminating DNA molecules, we determined that GapR1-89 alone is sufficient to assemble into a tetrameric structure ( Fig. 2C and Fig. S1A ), in agreement with structural data (15) . We also analyzed untagged GapR1-89 and observed the same tetrameric state as the His-tagged protein (Fig.   S1B ). In crosslinking experiments, faint bands were observed in addition to the main band corresponding to tetrameric GapR (4.11-fold the molecular weight of the monomer) ( Fig. 2C ). The faint bands may correspond to reaction products in which only two out of the four subunits were crosslinked (2.28-fold the molecular weight of the monomer) or to nonspecific crosslinking of tetramers (7.61-fold the molecular weight of the monomer) (see the table at the bottom on Fig. 2C) .
Alternatively, these bands could indicate the presence of GapR at oligomeric states other than tetramer, which cannot be detected by size-exclusion chromatography (Fig. S1A) .
Apart from the coiled-coil motif, GapR has two additional α-helices (Helix 2 and Helix 3).
Helix 3 contains a cluster of hydrophobic residues at its C-terminal end ( Fig. 2A) . To determine the contribution of this region to oligomerization, we constructed truncated proteins lacking either the entire Helix 3 (GapR1-69) or only the hydrophobic patch in this helix (GapR1-76). These mutations caused a switch from the tetrameric state observed for GapR1-89 to a dimeric state as determined for both GapR1-69 and GapR1-76 ( Fig (15) . Cumulatively, our data provides evidence that GapR forms a tetrameric structure by means of two non-contiguous dimerization sites (Helix 1 and Helix 3) and explains why a mutant of GapR1-89 carrying amino acid substitutions in its coiled-coil motif is still able to self-associate.
GapR oligomerization is curtailed upon disruption of secondary structure
We described above the isolation of a gapR allele (M2, Fig. 2A ) that encodes a protein carrying the Q19R,L30P amino acid substitutions in its coiled-coil motif and found that it exhibited defective oligomerization. Although the full-length GapR bearing these substitutions showed decreased protein solubility, the GapR1-52/Q19R,L30P truncation was expressed and purified as a soluble protein ( Fig.   S2 ). In crosslinking experiments, GapR1-52/Q19R,L30P was identified as a monomer (Fig. 3A) , confirming that the Q19R,L30P mutations curtail GapR oligomerization. Differing elution volumes of the two proteins subjected to size exclusion chromatography corroborates this finding (Fig. S3 ).
We carried out small angle X-ray scattering (SAXS) measurements of both GapR1-52 and GapR1-52/Q19R,L30P. The SAXS profiles were significantly different between the WT and mutant proteins and confirmed that the proteins do not form aggregates in solution ( Fig. 3B ). Guinier analysis yielded similar radii of gyration (Rg) for the wild-type and the mutant proteins ( Fig. 3B ), suggesting that despite the disruption in oligomeric state, the spherical dimensions of the soluble protein particles created by GapR1-52 and GapR1-52/Q19R,L30P are roughly the same. The pair-distance distribution functions of the SAXS profiles display a positive skew ( Fig. 3C ), suggesting that both proteins adopt elongated structures. Interestingly, the Kratky plots, which give us information about the flexibility and folding state of the proteins (31), differ significantly starting at mid-q values (~0.05 1/Å) ( Fig.   3D ), with GapR1-52/Q19R,L30P failing to return to baseline at high q values. Therefore, GapR1-52/Q19R,L30P is more flexible than GapR1-52, raising the possibility of a difference in folded state.
Circular dichroism (CD) analysis revealed that the fold of GapR1-52/Q19R,L30P is partially compromised when compared with GapR1-52 ( Fig. 3E ). Taken together, our results show that the helical secondary structure of the N-terminus of GapR is unfolded by the Q19R,L30P mutations and that this structural change precludes oligomerization.
By using two-step homologous recombination, we replaced the gapR coding sequence with the mutant Q19R,L30P allele. We observed that cell growth was compromised at both 22° and 30°C and the cells exhibited a cell division defect, with a significant increase in the mean cell length and a broader distribution of sizes ( Fig. S4 and Table S3 ).
Positively charged amino acid residues at the C-terminus are critical for the DNA-binding activity of GapR As shown above, GapR and H-NS share a second functionally similar region: Helix 2 of GapR (14) and a segment of the C-terminal DNA-binding domain of H-NS (27) . To confirm that this region of GapR is critical for binding DNA, we first compared the truncated GapR1-52 and the full length GapR1-89 with respect to their ability to co-purify with and directly bind DNA in vitro. While the strong association of GapR1-89 with DNA accounts for the detection of the protein as part of nucleoprotein complexes in the void volume of the Superdex 200 size-exclusion chromatography column, GapR1-52 was retarded in its passage through the column, and no detectable amount of DNA was found to be associated with the protein (Fig. S5 ). Furthermore, electrophoretic mobility shift assay (EMSA) showed that the removal of most co-purified DNA from GapR1-89 allowed the protein to directly bind and shift the electrophoretic migration of the pilA promoter DNA fragment ( Fig. 4A upper panel), a locus previously identified as a target of GapR in vivo (16) . The absence of the Cterminal region in GapR1-52, in contrast, led to a protein completely deficient in binding DNA ( Fig. 4A upper panel). Taken together, our data confirm that the C-terminus of GapR is necessary for the DNAbinding activity of this protein.
We sought to identify specific amino acid residues in the DNA-binding motif of GapR that are important for the association of GapR with DNA. An alignment of the deduced protein sequence of 101 GapR orthologs within the α Proteobacteria, while avoiding overrepresentation of species clustered to the same genus, allowed us to identify three highly conserved, positively charged residues in Helix 2 of GapR (K59, R65 and K66 in the C. crescentus protein) ( Fig. 4B ). To evaluate the role of these residues on the DNA-binding affinity of GapR, we carried out site-directed mutagenesis of gapR and purified two full-length mutant proteins, GapR1-89/K59A and GapR1-89/R65A,K66A. Compared with wild-type GapR1-89, GapR1-89/K59A was clearly compromised with respect to its capability to shift the electrophoretic mobility of the pilA promoter DNA fragment, especially under high ionic strength ( Fig. 4A top panel) . Because the nucleoprotein complexes containing GapR1-89/R65A,K66A form a smear rather than individual bands in EMSA assay ( Fig. 4A upper panel) , a precise comparison between this mutant protein and WT GapR was not possible using this assay. To circumvent this problem, we compared the DNA-binding activity of the GapR proteins using microscale thermophoresis (MST) (32) , which measured the change in the thermophoresis of the fluorescentlylabeled pilA promoter DNA fragment caused by the binding of GapR proteins. As we could not obtain GapR1-89/R65A,K66A at concentrations higher than 25 µM, MST experiments were carried out with all proteins up to 25 µM. Even though these protein concentrations were not sufficient to reach DNA saturation and determine the dissociation constants, we observed that the mutant proteins at any concentration ranging from 0.8 to 25 µM led to smaller changes in the normalized fluorescence of DNA molecules upon heating (DFnorm) when compared with WT GapR1-89 ( Fig. 4A bottom panel) .
This data implies decreased binding of the mutant proteins to DNA relative to WT GapR. Further, we showed that GapR1-89/R65A,K66A affected the variation of the normalized fluorescence of DNA molecules to a lesser extent compared with GapR1-89/K59A (Fig. 4A bottom panel) , indicating a more severe effect of substituting R65 and K66 relative to the K59A mutation. Strikingly, none of the point mutations analyzed completely disrupted DNA-binding ( Fig. 4A bottom panel) , indicating that more than one protein-DNA contact is critical for stabilizing the nucleoprotein complexes.
By replacing the gapR coding sequence with the K59 and R65A,K66A alleles ( Fig. S4A ), we observed that the growth of cells expressing the mutant allele corresponding to GapR1-89/R65A,K66A was affected at 30°C, while cells containing the K59A mutation exhibited no growth defect (Fig. S4B ).
Although the K59A mutation slightly increased the mean cell length, strains carrying the R65A,K66A allele in place of wild type gapR exhibited aberrant cell division with a significant increase in the mean cell length ( Fig. S4C and Table S3 ). Curiously, cells carrying the R65A,K66A mutation were more elongated at 30°C than at 22°C ( Fig. S4C and Table S3 ), corroborating our finding that the growth of these cells is compromised only at 30°C. Thus, mutations disturbing GapR function by reducing DNAbinding compromise cell fitness. Consistent with the hypothesis that amino acid residues contacting DNA are conserved throughout GapR orthologs, the substitution of two non-conserved, polar residues (Q67 and R69) caused no effect on the DNA-binding activity of GapR when the binding event was monitored in the presence of low salt and only a minor effect under high ionic strength (Fig. S6 ).
Based on the subdomain organization of GapR, we predicted that the K59A, R65A,K66A and Q67A,R69A mutations would have no effect on oligomerization. Indeed, interaction of the mutant proteins with the wild-type protein was quite similar to the self-association of wild-type GapR (Fig.   S7 ). Therefore, our analyses identified highly conserved, positively charged amino acid residues in the DNA-binding motif of GapR that are specifically important for the DNA-binding activity of the protein.
GapR does not selectively recognize a narrow minor groove at AT-rich DNA loci
Several NAPs achieve selective binding to AT-rich DNA loci by inserting specific polar amino acids into the narrow minor groove characteristic of these sequences (33) . Highly conserved, positively charged amino acid residues are important for the DNA-binding activity of GapR, implying that a different mechanism may contribute to this binding specificity. To explore this possibility, we determined the effect of the minor groove binding reagent Netropsin on the affinity of GapR1-89 for a 12-mer DNA fragment containing the (dAT)3 sequence. Netropsin was previously shown to bind to this DNA sequence and to compete with H-NS binding (34) . Upon monitoring thermophoresis, we confirmed the association of Netropsin with the 12-mer DNA substrate and found that Netropsin does not compete for the binding of GapR1-89 to DNA (Fig. 4C) . Instead, the binding affinity of GapR1-89 for Netropsin-bound 12-mer DNA (EC50 = 1.73 ± 0.05 µM) is slightly higher than that determined for the interaction of GapR1-89 with DNA (EC50 = 2.67 ± 0.17 µM) ( Fig. 4C ). We also analyzed the effect of Netropsin on the electrophoretic migration of the pilA promoter DNA and found that Netropsin changes the migration profile of the DNA, confirming binding of Netropsin to a DNA fragment with an overall AT content of 53% (Fig. S8 ). In addition, at the highest Netropsin concentration used, GapR1-89 had a more drastic effect on DNA retardation compared with a sample with no Netropsin added ( Fig. S8) . Therefore, the results from these competition experiments indicate that GapR specifically recognizes AT-rich DNA sequences by a mechanism other than direct binding to narrow minor groves, which agrees with the finding that the maximum DNA-binding activity of GapR depends on highly conserved, positively charged amino acid residues.
GapR stimulates DNA bridging in vitro
To determine the effect of GapR binding on the nanoscale organization of DNA, we visualized single nucleoprotein complexes with fluid-atomic force microscopy (AFM). Fluid-AFM provides sufficient spatial resolution to observe molecular sub-structures without fixing or drying biological samples, thus preserving their native state (35) . AFM of DNA molecules containing the Caulobacter pilA promoter showed well-separated single molecules that matched the expected length (~340 nm) ( Fig. 5A top, left panel) . Random overlaps within DNA molecules created a low percentage of intramolecular junctions. However, the addition of GapR1-89 to DNA, when imaged under the same conditions as DNA alone, displayed a higher frequency of intramolecular junctions compared to DNA molecules incubated with no protein (Fig. 5A top, middle panel) . This increase in intramolecular junctions was lost when DNA was incubated with the purified mutant GapR protein that is defective in DNA binding ( Fig. 5A top, right panel) . Upon increasing the sample density, we observed an increase in intermolecular junctions with the nucleoprotein complex compared to DNA alone (Fig. 5B ). AFM is capable of providing the relative heights of features in a given sample, which serves as a proxy for presence or absence of proteins for both intramolecular and intermolecular junctions. Accordingly, we compared feature heights at both junction and off-junction regions in the presence or absence of the GapR protein ( Fig. 5A bottom panel and Fig. 5B bottom panel) . Quantification of junction height differences showed that the relative increase in height at the junctions in DNA molecules incubated with GapR1-89 was significantly greater than those measured for DNA molecules without GapR1-89 ( Fig. 5A bottom panel, Fig. 5B bottom panel and Fig. 5C ). As expected, a mutant GapR protein defective in DNA binding, GapR1-89/R65A,K66A, exhibited similar height differences as observed at random overlaps with DNA alone (Fig. 5C ). Therefore, the increase in junction heights can be attributed to the presence of GapR and its association with DNA at these junctions. We asked whether GapR binds non-specifically to DNA junctions, or if GapR affects the formation of these junctions? To answer this question, we quantified junctions across DNA, DNA-GapR1-89 and DNA-GapR1-89/R65A,K66A samples as a percentage of total observed molecules. To rule out density dependent effects, we performed these measurements and analyses at two different densities of molecules in a 1 µm 2 field of view ( Fig. 5D ). We found a significantly higher percentage of junctions in DNA molecules when GapR1-89 was present compared with DNA molecules imaged in the absence of the protein, both at high and low molecular density (Fig. 5D ). In agreement with a decreased binding affinity of GapR1-89/R65A,K66A for DNA ( Fig. 4A ) and a smaller junction height difference observed for this protein (Fig. 5C ), the DNA-GapR1-89/R65A,K66A sample showed a percentage of junctions similar to that calculated for DNA alone (Fig. 5D ). We further asked whether GapR has a preference for inter-or intramolecular junctions. Upon doubling the molecular density in a field of view, we observed a 25-fold increase in the percentage of intermolecular junctions, while the percentage of intramolecular junctions was reduced by 1.5-fold (Fig. 5E ). This result suggests that GapR does not have a preference for inter-or intramolecular association in vitro. We also noted that the junctions formed by GapR at the tested concentrations do not spread as those observed with H-NS nucleoprotein complexes using AFM (8) . Taken together, the AFM experiments show that GapR can stimulate interand intramolecular bridging of DNA in vitro.
DISCUSSION
Structural bases for the similar and distinct functional aspects of GapR and H-NS
GapR and H-NS exhibit only short regions of sequence conservation and are quite different with respect to tertiary structure, oligomerization, and DNA-binding. However, GapR and H-NS share two functionally similar regions. One of these regions is Helix 1 of GapR, which forms a coiled-coil motif that drives self-association ( Fig. 6A ). GapR mutants with self-association defects disrupt the heptad repeats integral to forming a coiled-coil structure. The most severe of these mutants, Q19R, L30P, has Helix 1 unfolded and exhibits numerous growth defects, suggesting that robust oligomerization is directly linked to cellular fitness.
H-NS was previously structurally characterized by high-resolution methods including an X-ray crystal structure of the oligomerization domain, H-NS1-83, from Salmonella enterica serovar Typhimurium (24) and an NMR solution structure of the DNA-binding domain, H-NS91-137, from Escherichia coli (27) . Aligning the H-NS DNA-binding domain to the crystal structure of the DNAbound form of an H-NS related protein, Ler from enterohaemorrhagic E. coli (36) , supports a model for full-length H-NS in which an H-NS oligomer simultaneously binds two segments of the nucleoid to form a superhelical nucleoprotein plectoneme (24) . While self-association of H-NS via its coiled-coil region (dimerization site 1) is critical for gene silencing (24) (25) (26) 30, 37) , other proteins have been identified that bind to and help H-NS modulate transcription, further complicating efforts to understand this small, multifunctional protein (38) (39) (40) .
A chimera generated by replacing the H-NS coiled-coil motif with Helix 1 of GapR rescued gene regulation activity, highlighting the functional similarity between the two regions. However, the short N-terminal region (residues 1-22) preceding the H-NS coiled-coil motif, which consists of two short helices, is not interchangeable (Fig. 1A) . These two small helices in H-NS rest against the coiledcoil motif of its neighbor, potentially stabilizing this interface (24) . In addition, the N-terminal region of H-NS encompassing residues 1-22 is crucial for gene silencing as a H-NS mutant carrying the R12H substitution was reported to be defective in both repressing gene expression (30) and interacting with Hha (38), a protein required for fully silencing transcription of a subset of the H-NS regulon (41, 42) .
Even though the C-terminal domain of H-NS is the primary region for DNA-binding (30, 33) , the Nterminal basic residues R15 and R19 may weakly interact with DNA strands that run alongside the oligomerization domain in the superhelical plectoneme structural model (24) . This putative interaction between a dimerization site and a companion DNA molecule may also contribute to the crucial role of this H-NS region in silencing gene expression (25) .
The N-terminus of GapR preceding its coiled-coil motif (coincident with Helix 1) does not possess basic residues and is not conserved among GapR orthologs (15) . Although the basic residues K34, K42, and K49 in GapR Helix 1 do not support the binding of Helix 1 to DNA (GapR1-52 does not bind DNA (Fig. 4A) ), these residues in Helix 1 were found to contact phosphates of the bound DNA molecule (15) and may stabilize the Helix 2-mediated association of the full-length protein with DNA.
Therefore, distantly related NAP dimerization domains may serve two conserved functions, selfassociation and support of DNA-binding.
The second region shared by GapR and H-NS corresponds to a DNA-binding motif in Helix 2 of GapR ( Fig 1A) and a region within the DNA-binding motif of H-NS (Fig. 6A) . GapR Helix 2, rests against its bound DNA strand with both protein and DNA helices in parallel orientation (15) . K59 and K66 contact the DNA phosphate backbone while R65 seems to play a structural role based on its possible participation in an electrostatic interaction with E28 from the other subunit in the same dimer (15) . Although we did not analyze the R65A and K66A mutations individually, an E28A substitution slowed the migration of GapR under native PAGE without affecting oligomerization (Fig. S9 ). This effect is not caused by a change in the net charge of GapR, as an E31A mutation does not affect the electrophoretic migration of GapR (Fig. S9) . Therefore, the E28A mutation likely leads to a structural change in the protein and the reduced DNA-binding activity of GapR/R65A,K66A is most probably the result of a combination of the loss of a residue directly contacting DNA and a residue playing a structural role. The involvement of positively charged residues in DNA-binding and our finding that GapR does not competitively bind the narrow minor groove of DNA agrees well with the reported crystal structure (15) , which indicates that GapR binds to DNA mainly by interactions with the phosphate backbone. We observed that a chimera generated by fusing Helix 2 and Helix 3 of the DNA binding domain of GapR with the first two b-strands of the H-NS DNA-binding domain was able to silence gene expression. Therefore, it seems that a DNA-binding domain functionally similar to that found in the wild-type H-NS protein may result from the described chimeric construction. In this scenario, the helices would likely need to re-orient with respect to the DNA strand in order to maintain backbone phosphate interactions, shelter hydrophobic clusters, and keep polar residues exposed to solvent.
Potential modes of DNA bridging by GapR
The conserved Helix 1 and Helix 2 in GapR leave its Helix 3 with no clear homology to H-NS ( Fig 1A) . We showed here that Helix 3 of GapR acts as a second dimerization site that is critical for the formation of the tetrameric state, as predicted by the analysis of the GapR crystal structure encircling DNA (15) (Fig, 6B ). Using Fluid-AFM we observed that GapR can also mediate DNA bridging, possibly through self-association of the GapR-DNA complex ( Fig 5) . An inspection of the crystal structure of DNA-bound GapR (15) reveals that two arginine residues (R26 and R29) are located on the outer surface of GapR Helix 1 (Fig. 6B ). Some of these clusters are in close proximity (3.5-4.0 Å apart) to pairs from a neighboring tetramer. Therefore, these residues have the potential to form an arginine cluster (43) (44) (45) (46) , which could mediate the association of the tetrameric GapR units into high order structures. Similarly, residue Q73 in GapR Helix 3 may form a close association (3.5-4.0 Å apart) with Q73 from a neighboring tetramer, offering an additional molecular interaction that may be involved in inter-tetramer associations (Fig. 6B) .
Alternatively, we can envision a model in which DNA bridging is promoted by individual tetramers. In the recently reported crystal structure of GapR bound to an AT-rich DNA fragment (15) , the DNA in an over-twisted state can be accommodated in the internal cavity of tetrameric GapR.
While this structure provides the molecular basis for GapR binding to over-twisted DNA, it does not necessarily rule out the possibility that GapR may also bind relaxed B-DNA. In fact, the electrophoretic migration of a (dCG)6 DNA fragment is shifted by GapR in vitro (Fig. S10) , demonstrating that GapR can indeed bind relaxed DNA. GapR likely cannot form a tetramer to clamp B-DNA due to the increased width of the DNA strand and GapR is not expected to over-twist DNA on its own (15) . Therefore, the association of B-DNA with GapR may lead to an opened conformation of a tetrameric nucleoprotein assembly. Rotating one monomer with respect to its partner might also allow linked GapR subunits to bind more than one segment of the nucleoid simultaneously (Fig. 6B,   lower 
Evolutionary relationship of GapR and H-NS
The members of the α-Proteobacteria predominantly contain gapR and rarely contain hns (Fig.   S11 ). Both of these nucleoid-associated proteins interact preferentially with DNA regions of high AT content and bridge DNA, while using different means of oligomerization to affect genome transcription. GapR forms a tetramer that encircles over-twisted DNA to enable transcription progression (15) while H-NS forms higher order oligomers that repress gene expression (47). The discovery that GapR and H-NS share two structurally and functionally similar regions (Fig. 1) implies an evolutionary relationship between these proteins. The simplest explanation is that gapR may have arisen very early after the α-Proteobacteria emerged as a separate phylogenetic group. Based on the primary structure comparison shown here (Fig. 1A) , regions of H-NS are conserved in GapR, while the central part of H-NS is missing in GapR (Fig. 6A) . Analysis of chimeras between the two proteins revealed that the evolutionarily conserved self-association coiled-coil region and a DNA binding region maintained function ( Fig. 1 and Fig. 6A ). Regions of H-NS that are either deleted or structurally distinct in GapR function to repress gene expression. The acquisition of sequences to the evolved GapR protein gave rise to the ability to form tetramers that encircle DNA (15) , while retaining the inability to silence gene expression. Judging by the broad occurrence of hns in the α-proteobacterial family Rhodobacterales (Fig. S11) , it is more parsimonious to assume that a bacterium ancestral to this family acquired hns, and this gene has been maintained in the majority of the actual species. In contrast, the sporadic presence of hns in another α-proteobacterial family, Rhizobiales, suggests multiple, more recent horizontal transfer events. Understanding why GapR has evolved and been maintained in the majority of the α-Proteobacteria, and H-NS is rarely present in this group, are critical points for future investigation.
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